Using flow cytometry and osmotic lysis measurements, we document here the means and coefficients of variation of the following red cell (RBC) properties: hemoglobin (Hb) content, volume, Hb concentration, and relative lytic tonicity distributions in populations of normal human RBCs, before and after density fractionation. The distributions showed a pattern characterized by much larger coefficients of variation of the Hb content and volume distributions than of the Hb concentration and relative lytic tonicity distributions. From analysis of the factors that determine those RBC HIS STUDY ADDRESSES the basic question of whether the distributions of volume, area, hemoglobin (Hb) content, and Hb concentration observed in normal human red cells (RBCs) depend on regulated processes operating throughout cell maturation, or rather on the distribution of relevant attributes at the last erythroid cell division. This distinction between regulated or unregulated processes is important in understanding the mechanisms by which structural or regulatory abnormalities of Hb, or hemolytic agents, alter normal maturation and produce a variety of hematologic abnormalities.
properties, the patterns were interpreted as reflecting previously unrecognized statistical proportionalities between cell osmolyte content, Hb content, and membrane area. The possible origin of these statistical links was analyzed by considering alternative models with and without the participation of regulatory processes during cell maturation. A model was shown to be feasible in which mature RBC variability with proportional volume, area, and Hb content arises solely from cell size variability at the last erythroid cell division. 0 1995 by The American Society of Hematology.
of mature RBC distributions, we are now able to define conditions and constraints for a viable "endowments at birth" model.
MATERIALS AND METHODS
Venous blood was drawn from healthy volunteers, using either heparin or EDTA as anticoagulants.
Flow cytometry. Cells from whole blood or from density fractionated samples were analyzed using a flow cytometer-based hematology analyzer, the Miles-Technicon H*3 RTX (Miles Diagnostics, Tarrytown, NY). In this method, the RBCs are isovolumetrically sphered4 and Mie scatter theory is used to determine the volume and Hb concentration for each cell by analysis of low-and high-angle laser light scattering, as previously de~cribed.~.~ The Hb content of each cell is then computed as the product of its independently measured volume and Hb concentration and can thus be treated as an independent statistical variable for population analysis purposes. The H*3 RTX used in the present experiments is an experimental prototype that differs from the commercial model only in manual, rather than automatic, sampling. In the commercial model, the standard deviation (SD) values may be obtained on the Research and Report screens with the present software.
As discussed earlier: design features of the particular measuring system used pose real and apparent lower limits of detection for the SD of the Hb concentration distribution (often designated HDW). By use of Mie theory, as applied by the H*3 instrument, the absolute lower limit of resolution of the SD is 0.5 g/dL.' The SD measured with calibration oils was 0.8 g/dL; this limit was attributed to electronic and optical noise.' The apparent lower limit with RBCs was measured in samples of cells separated using narrow density fractions of arabinogalactan, which were then assumed to have "identical" Hb concentration^,^ clearly only an approximation. Real or apparent, the lower limit SD observed with different H*l or H*3 instruments ranged from 0.8 g/dL (as with the instrument used in this study) to 1.2 g/dL.
Because a central part of the evidence presented here concerns the low SD of the Hb concentration distribution in normal human RBC populations (relative to the SDs of the volume and Hb content distributions), we must consider the reliability of the flow cytometric measurements of this parameter. Previous result^^.^ showed that the high-angle light scattering measurements can be calibrated to give accurate estimates of mean cell Hb concentrations over a wide range, as judged by comparison with aperture impedance methods and with values derived from precise measurements of hematocrit and Hb concentration in whole blood. The accuracy of these cytometric estimates applied also to density fractions of normal RBCS.~ Calibration of the cytometer to report accurate means precludes instrumental bias in reporting the scatter produced by individual cells that could artificially compress the scattergram data around the mean. Thus. the accuracy of the statistical variation in Hb concentration is linked Blood, VOI 86, NO 1 (July I ) , 1995: pp 334-341
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to that of the mean values. In comparisons of HDW by arabinogalactan density separation and flow cytometry? over a wide HDW range, the two values were linearly related, with a slope of 0.98 and a high degree of correlation. However, the HDW values by flow cytometry were consistently higher, with an average difference of 0.83 g/dL.' The origin of this difference remains unexplained, but it is arguable whether the arabinogalactan method could be considered an absolute reference standard for HDW estimates. Therefore, any bias the flow cytometry method may have in the measurement of HDW is likely to exaggerate its value. Repeated measurements on the same sample show that the HDW has a reproducibility of 50.1 g/dL (SD) at a nominal HDW value of 2.8 g/dL.
Density fractionation for j o w cytometry studies. White blood cells were removed from whole blood by filtration through celluDensity fractionation of RBCs on discontinuous gradients of arabinogalactan (Sigma Chemical CO, St Louis, MO) followed the method of Corash et a l l 0 with minor modifications. Stock arabinogalactan was diluted with buffered saline-potassium-glucose solution (BSKG) containing (in mmoVL): NaCI, 135; KCI, 5 ; Na2HP04, 8.6; NaH2P04, 1.4; glucose, 11; pH 7.4, osmolality, 290 mOsm, to provide eight densities ranging from 1.0874 to 1.1 195 g/mL. These were layered (1.5 mL each) in 17 mL tubes onto a cushion of 1.133 g/mL density, followed by 1 mL red blood cell suspension (30% hematocrit). The gradients were centrifuged in a Beckman L3-50 ultracentrifuge using an SW 28.0 rotor, for 30 minutes at 74,OOOg at 20T, without braking (to minimize disturbance of the gradient interfaces). The separated cells were collected using a Pasteur pipette, and the walls of the tube were washed with buffer following the removal of each interface to avoid contamination of the subsequent layers. After three washes with BSKG to remove residual arabinogalactan, the cells were resuspended in autologous plasma before H*3 analysis. In these conditions, preliminary experiments showed that the density histogram of a whole blood sample can be reproduced accurately by quantitatively combining the individual histograms of each of the density-separated fractions. This rules out effects of arabinogalactan on the statistical parameters reported here by H*3 flow cytometry.
Hypotonic lysis distribution. Red blood cells, before or after density fractionation through arabinogalactan as previously described," were washed and resuspended at 3% hematocrit in a saline solution (solution A) containing (in mmoVL): NaCl, 150; HEPESNa (pH 7.5 at 20°C). 10; MgClz, 0.2; NaOH-neutralized EGTA, 0.05, and inosine, 10. Using a 12-channel dispenser, 10 pL aliquots of this suspension were delivered into corresponding microwells on a round-bottom 96X microwell plate. Each well contained 290 pL of 1 of 12 hypotonic solutions ranging from 0.28 to 0.56 relative tonicity units (RT units, relative to the tonicity of 150 mmoVL NaCI, equivalent to CJC,,, as defined in the Appendix). The 12 solutions were prepared by dilution of an isotonic solution containing 149 mmoUL NaCl and 2 mmoVL HEPES-Na (pH 7.5 at 20°C) with a solution containing only 2 moVL HEPES-Na (pH 7.5 at 20"C), to give 11 tonicities at 0.02 RT units intervals between 0.56 and 0.36 RT units, and one at 0.28 RT units (for 100% lysis). Preliminary experiments indicated that the cation composition of the isotonic solution used for these dilutions (Na or K up to 149 mom) made no significant difference to the lysis curves in the conditions of our experiments. Adequate rapid mixing was obtained by vigorous squirts with the dispenser. After 5 minutes at room temperature, the plates were centrifuged at 1, OOOg for 5 minutes, and 150 p L of the supernatant in each well were transferred to corresponding wells on a flat-bottom 96 x microwell plate for Hb measurements to estimate the fraction of cells lysed. These were performed on a plate reader (Multiscan Plus, Labsystems, Helsinki, Finland) using a 414-mp filter to measure absorption at the Soret band, where the extinction coefficient of hemoglobin is high, permitting our use of small volumes of low hematocrit suspensions with minimal alteration of the hypotonic media. Fractional lysis was expressed as a function of RT; the lysis distribution curve was derived from the cumulative lysis curve as reported by Ponder." To test the stability of the lysis curves, plates were kept at room temperature for up to 24 hours. There was progressive reduction in optical density at the Soret band, presumably associated with Hb oxidation to methemoglobin, but the percent lysis curves were unchanged indicating that the decrease in absorbance was strictly proportional to the Hb content of each well. Because accurate Hb measurements in each well required large numbers of cells relative to the minute samples needed for flow cytometry, only one density subpopulation was investigated in the experiment reported in Table 1 shows the statistical parameters obtained in the same way with red cells from 22 normal donors. The coefficients of variation (CV, CV = standard deviation/ mean, in percent) of the HC distributions were consistently less than 60% of the CV's of the H and V distributions, typically 6% to 8%, 13% to 14%, and 12% to 13%, respectively. Thus, the volume and Hb content of individual cells vary much more than the hemoglobin concentration. Because HC is the ratio of H and V for each cell, the lower CV of the HC distribution indicates that cells with more Hb have a higher than random probability of having large volumes. The strength of this statistical tendency can be appreciated more fully if we note that random associations of cells with any Hb content and volume would lead to a much broader distribution of HC than that of either of the components H or V. To illustrate this point with a highly simplified numerical example from data in Table 1 , let us consider the =5% of cells at the extremes of the H and V distributions (outside the 22a boundaries), whose Hb contents are less than 22 pg/cell or more than 38 pg/cell, and whose volumes are less than 65 %/cell or more than 105 fL/cell. If H and V were independent, we would expect to find a few percent of cells with HCs of less than 20 g/& and of more than 58 g/dL. The observed HC boundaries for the range outside ?2a are 28 and 38 g/dL, far less than the random range.
Because the volume of a red blood cell is determined mainly by its osmolyte content, ZQ (see Appendix), the measured distribution of V reflects the distribution of CQ (mostly Cl and HC03 salts of K and Na) in the cell population. The statistical correlation between H and V is thus indicative of a correlation between H and ZQ. This is surprising because H (or QH, if the hemoglobin content is expressed in comparable osmolality units) is only a small part of ZQ in physiological condition^,'^ and there is no known biologic process that could account for the observed correlation between Hb and total osmolyte content of mature RBCs. Figure 2 shows a lysis curve and the corresponding derivative, which reflects the population distribution of lytic relative tonicities, and whose CV is about 6%, similar to that of the HC distribution. Hypotonic lysis of a red blood cell occurs when, during osmotic equilibration, the cell tends to swell beyond the maximal (spherical) volume that can be accommodated by its membrane area." Because net osmolyte transfers are minor within the short time scale required for water equilibration in red blood cells,I4 the lytic tonicity of any particular cell, CL, will depend largely on the ratio between its original total osmolyte content and its membrane area, A (see Appendix). A low CV for the lysis curve, therefore, indicates a nonrandom statistical correlation between osmolyte content and membrane area-a correlation that has not been previously noted. These results and analysis show a statistical correlation between Hb content, volume or osmolyte content, and membrane area, in samples of normal human RBCs. Thus, cells with higher Hb contents tend to have larger volumes (larger total salt contents) and larger membrane areas, and cells with lower Hb contents tend to have lower volumes and areas than would be expected from random associations among these variables.
Investigation of the statistical correlations may be further refined by examining subpopulations of density-separated cells. Because density and HC are equivalent (see Appendix), separating cells of different A6 is equivalent to slicing the normal HC distribution into cell subpopulations with different narrow AHCs. Let us consider first what information could be provided by measurements of the means and standard deviations of the H, V, and C, distributions in density fractionated cell subpopulations. In principle, there are two extreme and one intermediate pattern by which H/ V = HC may be implemented in successive slices of density fractionated cells: pattern l , the distribution of H (mean and standard deviation) remains invariant in all slices (at the value for the whole cell population), while that of V changes with AHC; pattern 2, the distribution of V remains invariant, while that of H changes with AHC; or pattern 3, both H and V distributions vary with AHC. Had the association between H and V been random and the spread of HC much wider than documented in Table 1 , the third pattern would be the only feasible one for successive AHC slices. The low AHC end (lightest cell subpopulation) would comprise the cells with the lowest Hb content and maximal volume. Therefore, the mean H would be minimal and the mean V would be maximal. At the high AHC end, mean H and V values would be reversed. For a random distribution, the mean of the H and V distributions would have to change continuously as we slice the HC distribution from one end to the other by density fractionation. As shown in Fig 3, this is not the case. When the distribution of HC is much narrower than those of H and V (ie, nonrandom association between H and V), as documented here (Fig l and The distributions were obtained by flow cytometry in whole blood samples from 22 normal human subjects. Statistical parameters for each donor were derived as described in Fig 2. The bottom line reports the mean and the standard error of the mean of the coefficients of variation (CV) of the HC, V, and H distributions of this group of samples. Note that the CV of HC is only 51% and 56% of the CVs of V and H, respectively. and 3), H values of less than 18 and over 46 pg/cell are required for WV within AHC; these values are outside the 2 3 a of the H distribution for the whole cell population. Therefore, simple numerical calculations make the second option very unlikely because exotic H values would be required to provide HC values within each slice at the +2a range of the V distribution. No such limitation applies to the first option.
Therefore, from the statistical correlation between H and V, and from analysis of the H, V, and HC distributions for whole cell populations, we would expect the following distributions of H and V in density separated cell subpopulations. Within each AHC slice, we should find cells that attain similar density with low H and low V or with high H and high V. We may see pattern 1, in which the mean of the H distribution varies minimally, or pattern 3 in which both H and V vary, but in either case H will vary less than V, so that cells with almost the full range of observed Hb contents will be found within each AHC slice. Because the range of H values within each AHC fraction (0") would, thus, be comparable to that of the whole cell population, a similar corresponding range of the V distributions would be needed to produce the narrow AHC range. The observed flow cyto-337 metric distributions of density fractionated cells, in two similar experiments, are illustrated in Fig 3 and Tables 2 and 3 . It can be seen that (1) the volume and Hb content distributions of the different density fractions show coefficients of variation in the same range as that found with the unfractionated cells (Table l) ; (2) the means of the Hb content distributions among the cell density fractions varied minimally ( Fig  3A and Table 2 ) or modestly (Fig 3B and Table 3 ), compared with the variations in the mean volume distributions; and (3) the mean volume distributions decreased as the mean S (or AHC) of the cell fraction increased. These results reflect the predicted balance between patterns l and 3 and support the proposed correlations between H and V.
The mean and standard deviation of the CL or CL/Ci,, distribution, like that of H, may also be expected to vary minimally with AHC, but for different reasons. C&,, represents the ratio between each cell's normal (V,) and lytic (V:) water volumes (see Appendix). Because V, is determined by ZQ, and V:, by A and by the volume of the Hb Table 2 , with nearly constant mean H among the cell density fractions, represents that obtained in four of five similar experiments. In one of the five experiments the mean H increased marginally with HC, as shown in (B1 and Table 3 . The range of HC values (top panels) at the extremes of the density distributions was larger in some experiments (compare A and B) probably reflecting both donor variations in the minute fractions of cells that could be recovered from such fractions and loss of resolution in the recovery process.
molecules in the cell, V H , the strength of the statistical correlation between V, A, and H within any cell subpopulation will determine the extent of conservation of the mean CL/ C,,, distribution in each AHC slice. And because cells with nearly the full range of H values are present in each AHC slice, the CV of the C,/C,, distribution in each BHC may be expected to be similar to that for the whole cell population. Even with the refined new method described above (see Materials and Methods), it is difficult to harvest enough cells for osmotic lysis measurements in more than one of the middle density bands. Therefore, comparison of CL/C,,, distributions was carried out between cells from a single middle density fraction and the whole cell population. The results are reported in Fig 4. The figure shows lysis curves and CL/ C,,, distributions obtained before and after density separation. It can be seen that both the means and CVs of the CL/ Ci\o distributions remain fairly constant, and that the CVs are similar to those of the HC distributions and much smaller than those of the H and V distributions ( Table 1) . This result then supports further the statistical link between V, A, and H concluded from analysis of Fig 3. 
DISCUSSION
The results presented and analyzed here show statistical links between three apparently independent variables, Hb content, total osmolyte content, and cell area in populations of normal mature RBCs. These links may arise either from unknown regulatory processes operating throughout RBC maturation, from information endowed to the daughter cells at the last erythroid cell division, or from both. Although the present results cannot resolve these alternatives, they allow us to develop a working hypothesis of a nonregulated origin of the observed distributions, to demonstrate that the "endowment at birth" alternative is feasible.
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Let us assume that there is a normal distribution of cell mass at the last erythroid cell division. We then ask which conditions ought to be met for this distribution to explain the observed final correlations. At their last division, the cells are spherical. Therefore, the larger initial masses will be contained within the cells of larger area. If the final area, Hb, and osmolyte content of each cell evolved by processes proportional to its initial area and mass, mature cell products with the observed correlations could be generated. Such proportionality would require that during maturation large cells synthesize more Hb and retain larger volumes than small cells. This would occur if mRNA and ribosomal content were proportional to size, and if substrate provision for metabolism and Hb synthesis, ion transport, and water transport were all determined by membrane area. These proportionalities would have to be preserved during normal maturation, throughout enucleation, loss of organelles and RNA, and discoid shape development. Such a simple mechanism could produce the observed mature cell distributions without regulation and appears feasible. Lack of regulatory mechanisms during maturation exposes the cells to drift following perturbations because the affected cell parameters are not restored to any preset range. The demonstrated feasibility of nonregulated maturation prompts reconsideration, in further investigations, of possible mechanisms that generate the hematologic abnormalities characteristic of inherited hemoglobinopathies and other RBC disorders.
APPENDIX
Factors That Determine the Volumes and Lytic Tonicities of RBCs
At physiologic plasma tonicities, C,,,, the volume of cell water, V, is given by where CQ is the total osmolyte content of the cells. The total cell volume is given by v = v, VH (2) equivalent to where VH is the volume occupied by the Hb molecules. The relative contributions of V, and VH to the total volume of normal red blood cells are 70% to 80% and 20% to 30%, respectively. Therefore, the measured distribution of V reflects mainly the distribution of CQ in the cell population.
The lytic tonicity for each cell, CL, is, by definition,
where V: is the maximal volume of water that a spherical cell of area A can accommodate. The total volume of the spherical prelytic cell, VL is given by
The relation between volume and area of the prelytic cell is VI-= -6&
Combining equations 4, 5, and 6, and solving for CL we obtain magnitude of this effect would not be negligible for the cells at the high Hb concentration end of the normal distribution.
As shown in Fig 3, the combined effects involve less than 20% of the cells, and have no bearing on the arguments addressing initial membrane aredvolume relations for the bulk cell population. The abscissa in Figs 1 and 3 is the relative tonicity, CL/ C,,,, which can be expressed by combining equations 1 and 4:
which indicates that the relative lytic tonicity of each cell is equal to the ratio of its original to lytic cell water volumes. This equation expresses the dependence of the lytic tonicity on the osmolyte content, membrane area and Hb volume of each cell. Quantitatively, the main determinants are osmolyte content and membrane area. It is important to stress that the expectation of a normal Gaussian distribution for the derivative of lysis curves based on the present simplified analysis relies entirely on the conservation of CQ in the prelytic state. Two main factors may cause a fall in CQ in the prelytic state of small subpopulations of normal RBCs and cause distribution shifts towards lower tonicities, as shown in Fig 3: the first relates to cell age and the second to reductions in the osmotic coefficient of Hb. Early workI5 on the relation between age and osmotic resistance of normal human RBCs showed that young RBCs exhibit a relatively elevated osmotic resistance. Reticulocytes and young RBCs may activate significant volume-sensitive K:CI fluxes during osmotic swelling.16"' The resulting net loss of KC1 (and reduction in CQ) would be expected to increase the osmotic resistance of the cells. Even without significant prelytic ion fluxes, CQ will be reduced, as the cells swell because dilution of Hb occurs with reduction in its osmotic coefficient. The that describes the direct relation between HC and density. Selecting cells of similar density is, therefore, equivalent to selecting cells of similar Hb concentration.
Relation Between Cell Hb Concentration and Cell Density
